During binocular rivalry, perception alternates between dichoptically presented incompatible images. With larger images, such perceptual alternations will typically start locally and then gradually spread across the image, known as traveling waves of perceptual dominance. Several image-features (such as local contrast) are known to determine where in the image a traveling wave originates. Here we investigate whether orientation contrast in the suppressed image affects these spatial origin(s) of perceptual alternations. The results show that the origins are increasingly biased towards locations of increasing orientation contrast in the suppressed image. This increase in bias is related to the efficiency of visual search for the orientation contrast, tested offline: we find large biases towards orientation contrast when visual search for it is efficient, and small biases when search for it is inefficient. Our results imply that rivalry suppression is not homogenous across the suppressed image, but is dependent on local image-features in the suppressed image. The relation between spatial bias and visual search performance suggests that spatial origins of perceptual alternations are biased to salient locations in the suppressed image. Moreover, the finding that saliency affects the spatial origin of a perceptual alternation is in agreement with the idea that saliency is represented at a monocular, unconscious level of visual processing.
Introduction
When two interpretations of the visual world are equally likely, perception becomes bistable and will alternate between the two interpretations (e.g. when viewing a Necker cube). Likewise, when dissimilar images are presented to corresponding retinal locations, perception will also alternate. This phenomenon is known as binocular rivalry (for recent reviews see Alais and Blake (2005) and Tong, Meng, and Blake (2006) ). During binocular rivalry, one image will be perceptually dominant, while the other image is phenomenally invisible, referred to as perceptually suppressed. Perception will alternate between the two images in a stochastic manner, with the dominance of one image lasting a few seconds at a time (Lehky, 1995) .
With the exception of small stimuli, in which alternations occur in an all-or-none fashion (Blake, O'Shea, & Mueller, 1992) , perceptual alternations during binocular rivalry typically start at isolated locations and continue in a gradual, wave-like fashion termed traveling waves of perceptual dominance (Wilson, Blake, & Lee, 2001 ). Recently, it was shown that both the direction (Knapen, van Ee, & Blake, 2007; Maruya & Blake, 2009 ) and speed (Naber, Carter, & Verstraten, 2009 ) of traveling waves is dependent on characteristics of the suppressed image. However, it is still an outstanding question what determines the spatial origins of such traveling waves.
There are two known factors that determine where a traveling wave starts. The first refers to a sudden contrast increment. A brief contrast increment in the suppressed image triggers a traveling wave at that position (Lee, Blake, & Heeger, 2005 Wilson et al., 2001 ). This method was adapted from studies showing that abrupt contrast increments in suppressed images can induce perceptual alternations (Blake & Fox, 1974; Mueller & Blake, 1989) . The second factor concerns local differences within image-features. Looking at the role of local image parameters, Paffen, Naber, and Verstraten (2008) showed that perceptual alternations most often originate at those locations where luminance contrast or motion speed were higher, or spatial frequency was lower, in the suppressed image compared to the dominant image. From these observations it is clear that a variety of local image characteristics can affect the spatial origins of perceptual alternations. Although it is a possibility that these different image characteristics all affect perceptual alternations independently, a common principle would provide a more parsimonious explanation. Here we hypothesize that local saliency in the suppressed image is the common denominator responsible for determining the spatial origin of a perceptual alternation. That is, we argue that perceptual alternations will most likely originate at the location of highest saliency in the suppressed image. This hypothesis is based on the fact that all 0042-6989/$ -see front matter Ó 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2010.06.014 stimulus properties effective in determining the spatial origin of a perceptual alternation (abrupt contrast pulse, high contrast etcetera) are marked by high relative saliency (higher compared to the rest of the suppressed image). Since the term saliency is quite nebulous and is used in many different contexts, we will use it here when referring to the degree to which an item stands out from its surroundings (e.g. Itti & Koch, 2000; Yantis, 2005) . Our hypothesis makes a strong prediction: if the origins of perceptual alternations are biased towards salient locations within a suppressed image, the origins of perceptual alternations will be biased towards an item that stands out from its surroundings even when the observer is unaware of its location.
In the current study we aim at manipulating visual salience by varying orientation contrast within an image (see Fig. 1 ). There are good reasons for using orientation contrast to manipulate salience. For one, using orientation contrast allows us to vary saliency -the degree to which an item stands out from its surroundings -in a controlled fashion. In addition, it is generally acknowledged that visual saliency of a deviant orientation relies on center-surround interactions at the neural level (Itti & Koch, 2000; Nothdurft, 2000) . Center-surround interactions refer to the modulation of a neuron's response by stimulation of its non-classical receptive field. Specifically, visual neurons can be excited by stimulating their classical receptive fields (CRF) with their preferred stimulus (e.g. their preferred orientation, Hubel & Wiesel, 1968) and stimulation adjacent to the CRF does not by itself elicit a response. However, stimulation of the area adjacent to the CRF (the non-classical receptive field (nCRF)) can modulate the response when the CRF is simultaneously stimulated (e.g. Blakemore & Tobin, 1972) . For instance, for orientation-selective cells, the degree of modulation is dependent on the difference between the orientations presented to the CRF and its surround. When both are the same, the cell's response is maximally suppressed (iso-feature suppression; Cannon & Fullenkamp, 1991; Levitt & Lund, 1997; Sillito, Grieve, Jones, Cudeiro, & Davis, 1995) ; when the orientations are orthogonal, suppression by the nCRF is minimal, or can even change to excitation (Gilbert, Ito, Kapadia, & Westheimer, 2000; Gilbert & Wiesel, 1990) . Importantly, these center-surround interactions are suggested to be responsible for an item with an orthogonal orientation (as in Fig. 1 ) to pop-out from a display (i.e. to be salient), perhaps by increasing effective contrast of that item (Itti & Koch, 2000; Nothdurft, 2000; Yu, Klein, & Levi, 2001) .
Below, we show that the spatial origins of perceptual alternations are biased towards the location containing orientation contrast in the suppressed image. Next, we vary the amount of orientation contrast parametrically. In addition, we assess the degree of visual saliency for different orientation contrasts in a visual search paradigm. We show that the degree of orientation contrast is related to the degree to which alternations are biased towards locations containing the contrast: locations containing maximum orientation contrasts lead to strong biases towards these locations, whereas locations of low orientation contrast lead to small biases. Interestingly, the amount of bias towards a location containing orientation contrast appears to be more closely related to efficiency of visual search: locations with orientation contrasts that lead to efficient search lead to large biases towards these locations; locations with orientation contrasts leading to inefficient search lead to small biases.
Experiment 1
The goal of Experiment 1 is to determine whether the starting point of a perceptual alternation is biased towards the location of greatest orientation contrast in a suppressed image. To avoid any voluntary attentional effects prior to a perceptual alternation, observers should be unaware of the presence or absence of a location of high orientation contrast in the suppressed image and, when present, should also be unaware of its location. To satisfy this prerequisite, the luminance contrast of the image in which orientation contrast was manipulated ( Fig. 1 ) was gradually increased from 0% to the point that the strength of the image was sufficient to start a perceptual alternation (see Fig. 2 ). When such an alternation started, the observer's task was to report where in the image it started.
Methods

Observers
A total of eight observers, including two of the authors (ss and cp), took part in the experiment. All had normal or corrected to normal visual acuity and all, except ss and cp, were naïve as to the purpose of this study. All observers were experienced psychophysical observers and used to performing in experiments dealing with binocular rivalry.
Apparatus
All stimuli were created using an Apple G5 computer running system OS X and Matlab 7.4 with the Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997) . The stimuli were presented on a linearized LaCie III 22 00 at 75 Hz. Observers viewed the stimuli through a mirror stereoscope. The viewing distance, from the eyes via the mirrors to the monitor, was 57 cm.
Stimuli
The stimulus consisted of two images of 169 Gabors aligned on a grid of 6.3°by 6.3°of visual angle (Fig. 1) . The background was gray (29.9 cd/m 2 ). All Gabors had a spatial frequency of 6 cpd, a sigma of 0.16°and were presented with a peak contrast of 99.5% Michelson (space-average luminance: 29.9 cd/m 2 ; Fredericksen, Bex, & Verstraten, 1997) . The inter-element distance, measured center to center, was 0.52°of visual angle. For one of the images, which we label the suppressor, all Gabors were oriented vertically. For the other image, the test-image, the Gabors were oriented obliquely (for 50% of the trials, the orientation was clockwise, for the other 50% counterclockwise). For 50% of the trials (probe-present trials), local orientation contrast was manipulated in the testimage by orienting one of the Gabors orthogonally to its neighbors. This deviant Gabor -the probe -was presented to either the upper left, upper right, lower left or lower right of the test-image's center (presentation at each location was balanced). The distance between the probe and the fixation cross was always 3.7°. Note that for all Gabors in the test-image, including the probe, the interocular orientation difference with the suppressor was held constant at 45°. Thus, the amount of local conflict between the rival images was held constant across the image. Binocular fusion was aided by presenting a white border around the images and a white fixation cross (0.44°Â 0.44°) at the center of the display.
Procedure
At the start of each trial, the suppressor was presented at full contrast, while the contrast of the test-image was gradually increased from 0% to 100% contrast over a period of 10.6 s. The result of this procedure was that, at the start of a trial, the suppressor image was perceptually dominant, and the test-image invisible, making the presence and location of the probe unknown to the observer. The observer's task was to press a key as soon as the test-image (consisting of oblique orientations) became visible. The key press triggered the removal of the rival images, leaving only the fixation cross and the borders originally surrounding the images. After the removal of the images, the cursor became visible at the location of the fixation cross in the stimulus area previously containing the test-image. Observers were instructed to move the cursor to the location at which the alternation originated and click the mouse button at that location. Presentation of the test-image and the suppressor was counter-balanced between the eyes. A schematic representation of the procedure is presented in Fig. 2 . Each observer completed 320 trials; 40 trials for each probe location and 160 trials without any probes presented.
Results
To analyze the spatial origins of perceptual alternations, we first converted the coordinates of the mouse clicks into 2-dimensional matrices, equal in size to the test-image, representing the spatial locations of the clicks (for details of this procedure, see Paffen et al., 2008) . This resulted in five matrices for each observer: one for each of the four probe locations (i.e. probe-present trials) and one for the probe-absent trials. One such matrix contained all the reported origins of perceptual alternations for that condition (say probe present in left upper corner). The four matrices representing the data of probe-present trials were subsequently rotated 0°, 90°, 180°or 270°depending on the original probe location. After rotation, the data in these four matrices were always relative to a probe in the upper left corner of the image. For each observer these four matrices were summed to create one matrix representing all responses on probe-present trials, with all responses relative to the same probe (the upper left) location. This matrix was convolved with a two-dimensional Gaussian with an amplitude of 1 and a sigma of 0.26°. This sigma corresponds to half the inter-element distance. The peaks in these distributions now represent locations that were most frequently indicated as the spatial origin of the perceptual alternations.
We adapted our procedure for trials that did not contain probes so that we could compare the distributions of perceived origins of perceptual alternations with and without a probe in the suppressed image. The distribution of responses in probe-absent trials reveals biases in spatial origins of perceptual alternations unrelated to locations containing orientation contrast in the suppressed image. Since these biases were likely to be present in probe-present trials as well, and since rotating the matrices containing the data of these trials displaced the locations of these biases, we also rotated the matrices of responses for the probe-absent trials. For each observer, the data point of each probe-absent trial was assigned to one of four bins. The data of the four bins were rotated either 0°, 90°, 180°or 270°, summed, and convolved with the same Gaussian as used for the probe-present trials. This procedure of binning and convoluting data for probe-absent trials was repeated 100 times per observer. The final distribution was acquired by taking the mean of the 100 distributions.
To test whether spatial origins of perceptual alternations were biased towards the location of greatest orientation contrast in the suppressed image, we converted our data to Z-scores. We took the means across observers of the probe present data and the probe absent data. This resulted in two matrices representing the mean distributions of indicated origins of perceptual alternations of the probe present and probe absent data. We subsequently subtracted the mean probe absent matrix from the mean probe present matrix and dividing that number by the standard deviation of the probe absent matrices across observers (Fig. 3) . The a was set at 0.05 and corrected for spatial dependence of the data by applying the expected Euler characteristic as used in Random Field Theory (Adler, 1981) . By using the expected Euler characteristic we take into account the dependence of each data point to the surrounding data. Using this approach, our a was corrected to $0.000067, corresponding to Z-score of 3.82. Fig. 3 shows that the highest peak in this Z-score landscape (12.79) closely corresponds to the location of the probe in the suppressed image. Note that this Z-score is far above the Z-score needed for a significant bias. This shows that the spatial origins of perceptual alternations were significantly biased towards the location with the orientation contrast in the suppressed image.
The matrixes containing the mean indicated origins were further divided into eight regions (see Table 1 ). The data were first divided into four quadrants, each of which was subsequently Spacebar press When alternation was first perceived Fig. 2 . A schematic representation of a single trial with schematic representations of the stimulus. In this trial the suppressor is presented to the left eye and the test-image, containing a probe in the lower right corner, to the right eye. The suppressor starts at 100% contrast while the test-image starts at 0% contrast, and subsequently increases its contrast over time. As soon as observers noticed a diagonal Gabor they responded with a space-key press. Next, both Gabor arrays were removed from the screen and observers indicated with a mouse click where they first perceived a diagonal Gabor. divided into two areas; a (potential) probe area and a non-probe area. The (potential) probe area for each quadrant is a circular area of 0.8°of visual angle centered on the probe location (for the upper left quadrant) or the areas where a probe could have been presented (for the other three quadrants). The size of this area was chosen to encompass the entire probe as well as a small part of its surround to correct for the lack of precision in indicating the location of a perceptual alternation. The non-probe area responses refer to the responses in the residual area within each quadrant after excluding the (potential) probe area. This subdivision allows us to quantify the bias towards the potential probe areas. Since the probes were only presented at one of four possible locations, observers might recognize this and may be more likely to indicate these locations. This potential bias was quantified by dividing the average percentage of responses of the potential probe areas of the probe-absent trials by the average percentage of responses to an area of similar size of the non-probe areas of the probe-absent trails. The result of this indicates that, even though the probe was absent, a potential probe area was 5.9 times more likely to be indicated compared to an area of similar size in the non-probe area. However, when a probe was present, this ratio increased to 51.5 (ratio of responses in probe area to area of similar size in non-probe area). The percentages are reported in Table 1 . Thus, although there was some bias to report possible probe locations (see the percentage responses to possible probe areas in probeabsent trials) in the absence of a probe, presenting an invisible probe resulted in much higher biases to report the location of the probe as the origin of the perceptual alternation.
The lack of awareness of the probes was tested separately in a control experiment. For this task we used the same stimulus configurations as in Experiment 1. However, now there were only probe-present trials (160) and the stimulus was removed from the screen after a fixed duration. For each observer, this duration was his or her mean time until a perceptual alternation (as measured in Experiment 1) minus one standard deviation of this mean (mean and standard deviations used for the four observers: 2.04 ± 0.39(s); 2.29 ± 0.96(s); 3.69 ± 1.52(s); 3.60 ± 1.94(s)). The task for the observer was a 4AFC task to indicate in which quadrant the probe was being presented. Results indicated that performance was at chance level with a mean of 26.1% (95% confidence interval: 22.7-29.5%). These results provide evidence for our claim that just before an alternation started, the probe was invisible.
Experiment 2
From the results of Experiment 1 it is evident that the spatial origins of perceptual alternations are biased toward the location of greatest orientation contrast in the suppressed stimulus. Having shown that orientation contrast is an image feature affecting the spatial origin of perceptual alternations, Experiment 2 aimed at uncovering whether the degree to which the spatial origin is biased towards the location of greatest orientation contrast in the suppressed image is related to the saliency of that orientation contrast. We hypothesized that it is the degree of saliency that is the common denominator of our results from Experiment 1 and the results of Paffen et al. (2008) and Lee et al. (2005 Lee et al. ( , 2007 . Note that an increase in orientation contrast does not necessarily result in an increase in saliency. As outlined above, saliency can be defined as the degree to which an item stands out from its surroundings (Altmann, Deubelius, & Kourtzi, 2004; Yantis, 2005) . Although one oriented item may deviate more from its surround than another, perceptually, they may be equally salient, especially for greater orientation deviances. To assess the degree of saliency at different orientation contrasts, we employed a visual search task where observers search for different target Gabors with orientation deviances ranging from 5°to 90°. In visual search, targets of high saliency will be detected faster compared to targets of low saliency (e.g. expected to increase with increasing probe deviance, thereby defining an increase in saliency of the probes. In a separate task, we used the targets from the search task as probes in a binocular rivalry task similar to that of Experiment 1. Again, we measured the origins of perceptual alternations. Using visual search performance as a measure reflecting saliency, we can test whether the spatial bias in the origins of perceptual alternations builds up gradually, increasing as local saliency increases, or whether a certain degree of saliency is sufficient for a fixed amount of spatial bias towards the salient location. If the spatial bias builds up gradually, the amount of spatial bias will increase with increasing saliency. If a certain amount of saliency is sufficient, a fixed amount of spatial bias will occur after a certain degree of visual saliency. The following experiment thus contained two parts: one in which observers searched for a target defined by an orientation contrast of varying magnitude, and one in which observers reported origins of perceptual alternations as in Experiment 1, now using the same images as used in the search task.
Methods
Observers
A total of eight observers, including two of the authors (ss and cp) and two observers from Experiment 1, took part in the experiment. All had normal or corrected to normal vision and, except the authors, were naïve as to the goals of the experiment. All observers were experienced psychophysical observers and used to performing in experiments dealing with binocular rivalry.
Apparatus
The equipment was identical to that in Experiment 1.
Stimulus and procedure for the visual search experiment
The search display used for this experiment was similar to the test-image used in Experiment 1 (right image of Fig. 4) . The display consisted of 169 Gabors aligned on a grid. Parameters of the Gabors were the same as in Experiment 1. In all trials, one of the Gabors, the target, was oriented 0°, 5°, 10°, 20°, 45°or 90°clockwise relative to its neighbors. Note that, for the visual search experiment, deviant Gabors are referred to as targets instead of probes since they are part of the observers' task. For the visual search experiment, the 0°deviancy condition refers to target absent trials similar to the probe-absent condition of Experiment 1. As in Experiment 1 (as well as the rivalry experiment outlined below), there were four possible target locations; upper left, lower left, upper right or lower right relative to fixation. The distance of the target from the fixation cross was always 2.3°. The smaller distance (compared to Experiment 1) was chosen in order to make the search task not too demanding. The display was presented in green (35.6 cd/ m 2 , Cie coordinates: x = 0.291, y = 0.608), for reasons related to the binocular rivalry experiment (outlined below). The image was presented simultaneously to the left and right side of the center of the screen and observers fused the images via a mirror stereoscope to keep the conditions of presentation similar to the rivalry experiment. Half of the trials contained a target. Observers were instructed to indicate as fast and accurately as possible, via key press, whether a deviant Gabor was present or absent. Observers were also instructed to refrain from making eye movements while the search display was present. Each observer completed 400 trials; 200 target-present trials, with 40 trials for each orientation contrast, and 200 trials with no target presented.
Stimulus and procedure for the binocular rivalry experiment
The test-images used in the binocular rivalry experiment were identical to those used in the visual search experiment. In this experiment, 20% of the trials contained the probe-absent condition. For the suppressor we used a 13 Â 13 grid of concentric circles (Fig. 4) . These concentric circles were filtered with a Gaussian with the same parameters as the Gabors so that the size of circles and Gabors were equal. As in Experiment 1, fusion of the images was aided by presenting a white square around, and a white fixation cross at the center of the images. The dimensions of these were the same as in Experiment 1. For this experiment the test-image was presented in green (35.6 cd/m 2 , Cie coordinates: x = 0.291, y = 0.608) and the suppressor in red (9.3 cd/m 2 , Cie coordinates:
The colors in the images were added in order to make the task easier for the observers. The procedure for presenting the stimulus was the same as in Experiment 1. Observers were instructed to respond as soon as they perceived the color green anywhere in the display and indicate this with a space-press. The procedure for indicating the spatial origins of perceptual alternations was identical to that of Experiment 1. Each observer completed 432 trials; 72 trials for each orientation contrast and 72 trials with no probe presented. 
Results: visual search
In order to assess search performance, we analyzed median reaction times of correct trials of each observer. Overall accuracy of all observers was above 88% (mean = 93%, standard deviation = 4%). However, performance for the 5°target condition was at chance level for several observers, demonstrating the lack of conspicuity of this target. Since the low performance for this condition renders the corresponding reaction times un-interpretable, we opted to remove this condition from further analyses. Removal of this condition lifted overall accuracy to 99%. When no target was present, the average median reaction time across observers for signaling the absence of a target was 2.37 s (sd = 1.55 s; Fig. 5 ). For the 10 deviance target, observers detected the target on average within 0.66 s (sd = 0.12 s). As target-deviance increases, reaction times dropped of to approximately 0.53 s. An ANOVA revealed significant differences among reaction times [F(3, 28 Red, upward triangles represent the peak amplitude of the spatial distributions (as Z-score) on the probe location and the blue downward triangles represent the overall greatest peak of the spatial distributions. Note that for the probe deviancies of 20°and larger, the greatest peak amplitude corresponds to that of the probe location.
20°, 45°and 90°deviance targets did not differ, showing a floor effect for search performance. These results suggest that for a targetdeviancy of 20°and onwards, increasing target-deviancy no longer reduces search times (slope = 0.008 s/°, r(Pearson) = À0.64, p = 0.55), indicating efficient search (Wolfe, 1998) . Also, this shows that targets of 20°and onwards do not differ in the degree they stand out from their surrounding, e.g. have similar visual salience. When deviancy becomes smaller than 20°, visual search times first begin to increase (10°target) and followed by a drop in accuracy (5°), indicating the deviant Gabor appears to stand out less from its surround and search of the scene becomes inefficient. Note that, since saliency refers to the degree to which an item stands out from its surroundings, these results validate the manipulation of probe saliency in both Experiments 1 and 2.
Results: rivalry
The results were analyzed as described in the Section 2.2, resulting in a total of six matrices: five for each probe present condition (the different rotation-angles of the probe), and one for the probe-absent condition. These six matrices were converted to five matrices of Z-scores ( Fig. 6A ; one for each rotation-angle of the probe). These matrices reveal a significant bias in perceived origins of perceptual alternations towards the probe location for all but the 5°and 10°deviance probes (5°deviance, Z = 0.61; 10°deviance, Z = 2.74; 20°deviance, Z = 6.83; 45°deviance, Z = 8.60; 90°devi-ance, Z = 7.61), extending and replicating the results of Experiment 1. Comparing across the different deviancies of the probe, responses become increasingly biased towards the probe location as shown by an increase in the peak amplitude on the probe location (Fig. 6B) .
Similar to Table 1 for Experiment 1, Table 2 presents the average percentages of responses for eight regions of the results matrix for the different probe angles. The probe areas are again defined by a 0.8°circular region centered on the probe location in the upper left quadrant or the area where a probe could have been presented for the other three quadrants. In the same manner as for Experiment 1, we quantified the bias to potential probe areas by comparing the average percentage of responses to the potential probe areas to the responses to the non-probe areas, corrected for the size of the area, for the absent trials. The results of the probe-absent trials indicate that observer were 3.8 times more likely to indicate a potential probe area compared to an area of similar size within a non-probe area. We also compared the responses to the location of the probe in the present trials to the same size-corrected non-probe areas (see Section 2.2). When a probe was indeed presented in this area, this bias increased from a ratio 5.5 for the 5°p robe, to a ratio of 26.9 for the 90°probe.
The highest Z-scores on probe locations are displayed in Fig. 6B . For small probe deviances, peak Z-scores are low (indicating small biases towards the probe locations). However, as probe deviance increases, Z-scores become larger until they plateau at about 20°d eviance. Although the spatial bias towards the probe increases with probe deviance, note that spatial bias is more closely related to search performance (Fig. 7) . While orientation contrast increases monotonically, search performance and spatial bias do not. Both this bias and search performance stay relatively stable once 20°d eviance is reached. When visual search for a target is inefficient (right side of Fig. 7 ), using that target as a probe in the rivalry experiment results in low Z-scores (e.g. low spatial bias). Note that, although the combination of rivalry and search performance data for the 5°target/probe is not included in this figure due to low performance in the visual search task, this low performance corresponds nicely to the lack of any spatial bias effects found in the rivalry task. When visual search becomes more efficient (left part of Fig. 7) , the spatial bias increases. These results show that spatial bias towards areas containing the probe is closely related to search performance. When search efficiency reaches a plateau, so does the spatial bias in the origins of perceptual alternations. Correspondingly, search performance and spatial bias show a linear relation (Pearson's r = À0.99, p < 0.05). These result show that the amount of bias for reporting a location containing a different orientation in the suppressed image is more closely related to the degree to which the item stands out from its surroundings on a perceptual level (i.e. our search results) than to the amount of orientation contrast. 
General discussion
The aim of the current study was to test whether the origins of perceptual alternations during binocular rivalry are biased towards the location of greatest orientation contrast in the suppressed image and, if so, if this bias is related to saliency as inferred from search performance. Our results from Experiment 1 support the first hypothesis: perceptual alternations are affected by intraocular image differences and most frequently originate from the location of greatest orientation contrast in the suppressed image. Note that observers in our study were unaware of any such location of increased orientation contrast before a perceptual alternation occurred. In Experiment 2 we show that when interocular image differences increase, the origins of the perceptual alternations becoming increasingly biased to the location of these differences. Moreover, the results support our second hypothesis by showing a relationship between search efficiency of a probe location in an image (assessed separately by a visual search task) and the degree to which perceptual alternations originated at that location. The use of our visual search task validates the manipulation of saliency in our rivalry tasks by showing that the manipulation of the target orientation affects the degree to which targets stand out from their surroundings. Importantly, the amount of bias for a location containing the orientation contrast was more closely related to efficiency of search, than to amount of orientation contrast (compare Figs. 6B and 7) . Thus, bias more related to the saliency of the orientation contrast than to the amount of orientation contrast. The relation with saliency suggests that previous manipulations of the origins of perceptual alternations are also based on saliency variations of the suppressed image (Lee et al., 2005 (Lee et al., , 2007 Paffen et al., 2008) .
As put forward in the Introduction, center-surround interactions at the neural level are a good candidate for an underlying mechanism. In the context of the present study, we suggest that surround suppression and/or surround facilitation alter the relative strength of the Gabors in the suppressed image: the similar orientations are suppressed and/or the orthogonal orientation is facilitated. This hypothesis is supported by the fact that centersurround interactions have been implicated in contextual modulations of binocular rivalry (Fukuda & Blake, 1992; Paffen, Alais, & Verstraten, 2005; Paffen, te Pas, Kanai, van der Smagt, & Verstraten, 2004; Paffen, van der Smagt, te Pas, & Verstraten, 2005; Sobel & Blake, 2002) . Note that such center-surround interactions have also been implicated to be responsible for low-level, bottom-up saliency maps (Itti & Koch, 2000) .
Implications for theories of binocular rivalry
An influential theory on binocular rivalry states that perceptual alternations are caused by reciprocal inhibitory connections between monocular channels representing the input from each eye (Blake, 1989 ). An important aspect of this theory is the non-specificity of binocular rivalry suppression: suppression was argued to non-selectively weaken all inputs presented to the suppressed eye (Blake, 1989; Blake & Logothetis, 2002) . This idea is based on studies showing that suppression acts on various kinds of probes presented to the suppressed eye (Blake & Fox, 1974; Blake, Westendorf, & Overton, 1980; Fox & Check, 1968; Nguyen, Freeman, & Wenderoth, 2001; Zimba & Blake, 1983) . However, recent evidence suggests that there can be specificity in suppression (Alais & Parker, 2006; Apthorp, Wenderoth, & Alais, 2009; O'Shea & Crassini, 1981; Stuit, Cass, Paffen, & Alais, 2009) . We have recently shown that rivalry suppression is dependent on the degree to which probes presented to the suppressed eye match the features driving the interocular competition (Stuit et al., 2009) . Our results supply further evidence that suppression is not homogeneous across the suppressed image. Importantly, our results show that suppression can vary within an image when the amount of interocular conflict is constant. Previous results on the spatial origins of perceptual alternations (Lee et al., 2005 (Lee et al., , 2007 Paffen et al., 2008; Wilson et al., 2001) did not allow for dissociation between the relative contributions of inter-versus intra-ocular effects. However, in the current study, although the degree of local interocular conflict was similar at all Gabor locations, the location of greatest saliency in the suppressed image systematically entered dominance first, suggesting that suppression was weakest at that location. This indicates not only interocular image difference (e.g. Stuit et al., 2009 ) but also intra-ocular image characteristics can also influence the degree of suppression during binocular rivalry.
Implications for models on visual saliency
A common assumption concerning saliency is that, after systematic extraction on basis of features such as local orientation, it is represented in the visual system in form of a saliency map, which topographically codes local conspicuity over the entire visual field (Itti & Koch, 2000; Koch & Ullman, 1985) . Previous findings have suggested several candidate brain structures for such a saliency representation, including the pulvinar (Robinson & Petersen, 1992) , superior colliculus (Kustov & Robinson, 1996) and the posterior parietal cortex (Gottlieb, Kusunoki, & Goldberg, 1998) . Recent evidence considers a role of early visual cortical areas in saliency representations (Li, 1999 (Li, , 2002 (Li, , 2008 . For instance, V1 neurons increase their spiking rate as the saliency of their inputs increase (Li, 1999) . Also, during visual search, ocular singletons attract attention automatically, reflecting their saliency (Li, 2008) . Note that ocular singletons are defined by eye-of-origin information and that this is largely lost after V1, since neurons with monocular inputs are far more common in V1 as compared to other cortical visual areas (Hubel & Wiesel, 1968; Zeki, 1978) . This supports a role for the primary visual cortex in the representation of saliency. Important to the ideas about the neural underpinnings of visual saliency is that the alternations in perception during binocular rivalry have been linked to conflict between monocular inputs to V1 (Blake, 1989; Tong & Engel, 2001) . As perceptual alternations in our study started at the location of invisible salient locations presented monocularly, our results support the idea that visual saliency is represented at an unconscious, monocular level of visual processing (Li, 2008) .
